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ABSTRACT  

Organic anion-transporting polypeptide (OATP)1B induction is an evolving mechanism of drug 

disposition and interaction. However, there are contradictory reports describing OATP1B 

expression in hepatocytes and liver biopsies after administration of an inducer. This study 

investigated the in vivo effects of the common inducer rifampin (RIF) on the activity and 

expression of cynomolgus monkey OATP1B1 and OATP1B3 transporters, which are structurally 

and functionally similar their human OATP1B counterparts. Multiple doses of oral RIF (15 

mg/kg) resulted in a steady 3.9-fold increase of CYP3A biomarker, 4β-hydroxycholesterol 

(4βHC), in the plasma samples collected before each RIF dose during the treatment period (i.e., 

predose). In contrast, the predose plasma levels of OATP1B biomarkers coproporphyrin (CP) I 

and CPIII did not change when compared to RIF treatment. The trough concentration, AUC, and 

half-life of RIF decreased markedly during RIF treatment, suggesting that RIF induced its own 

clearance. Consequently, RIF treatment increased CPI and CPIII AUCs substantially after a 

single administration and, to a lesser extent, after multiple administrations, compared to pre-

administration AUCs. In addition, OATP1B1 and OATP1B3 mRNA expressions were not 

modulated by RIF treatment (0.85- to 1.3-fold) whereas CYP3A8 expression was increased 3.7- 

to 5.0-fold, which correlated well with the predose levels of CP and 4βHC. Rifampin treatment 

showed 2.0- to 3.3-fold increases in P-gp, BCRP, and MRP2 expression in the small intestine. 

Collectively, these findings indicate that monkey OATP1B and OATP1B3 are not induced by 

RIF and further investigation of OATP1B induction by RIF and other nuclear receptor activators 

in humans is warranted. 
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SIGNIFICANCE STATEMENT  

In this study, combined endogenous biomarker and gene expression data suggested that RIF did 

not induce OATP1B in cynomolgus monkeys. For the first time, the study determines transporter 

gene expression in the nonhuman primate liver, gut, and kidney tissues following administration 

of RIF for 7 days, leading to a better understanding of the induction of OATP1B and other major 

drug transporters. Finally, it provides evidence to strengthen the claim that CP is a suitable 

endogenous probes of OATP1B activity. 
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INTRODUCTION 

There is increasing recognition that members of the hepatic organic anion-transporting 

polypeptide (OATP) subfamily are among the most important of all of the human drug 

transporters. This is because they are the most abundant forms of hepatic transporters and have 

the ability to transport a variety of drugs of clinical and toxicological importance (Niemi, 2007, 

Shitara et al., 2013). In addition, OATP1B has been described as a "rate-determining step" in 

hepatic clearance for several dual transporter and enzyme drug substrates (Watanabe et al., 2010, 

Maeda et al., 2011, Patilea-Vrana and Unadkat, 2018). OATP1B1 and OATP1B3 transporters 

have overlapping substrate specificities and are separate gene products that have been 

categorized into a subfamily with common structural and regulatory elements. In mammalian 

species, while there are two genes in the human and monkey subfamily OATP1B, only one gene 

was identified in other species (e.g., human and monkey OATP1B1 and OATP1B3 as compared 

to rodent OATP1B2) (Hagenbuch and Stieger, 2013, Shen et al., 2013). Cynomolgus monkey 

and human OATP1B1 and OATP1B3 are structurally related iso-transporters (91.9% and 93.5% 

identical, respectively) with very similar substrate specificity (Shen et al., 2013, Takahashi et al., 

2019). Consequently, cynomolgus monkeys are used as a preclinical model to gain mechanistic 

insight into and predict clinical OATP1B-mediated DDIs using in vitro data (Shen et al., 2013, 

Chu et al., 2015, Shen et al., 2016, Kosa et al., 2018, Ufuk et al., 2018, Niu et al., 2019). 

Drug interactions may reduce drug metabolizing enzyme and transporter activities 

through inhibition or may increase their activities through induction. Induction of enzymes and 

transporters can, in clinical practice, lead to reduced absorption and enhanced clearance of the 

drug itself and/or of a coadministered drug, thereby resulting in decreased drug exposure and 

loss of therapeutic efficacy (Chu et al., 2009, Turk et al., 2019). Compared to drug metabolizing 
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enzymes, much less is known of the induction of drug transporters. Only a few transporters in the 

ATP-binding cassette (ABC) family including P-glycoprotein (P-gp) also known as multidrug 

resistance protein 1 (MDR1) and multidrug resistance-associated protein 2 (MRP2), have been 

shown to be inducible in monkeys and humans (Niemi et al., 2003, Sinz et al., 2008, Elmeliegy 

et al., 2020, Rodrigues et al., 2020, Zamek-Gliszczynski et al., 2020). The effect of commonly 

used inducers on the expression and functional activity of OATP1B is poorly understood.  

Reports that describe the induction of OATP1B, as decreased systemic exposure of probe 

substrates and increased mRNA and protein levels are limited and conflicting. For example, 

multiple doses of 450 mg rifampin (RIF), a strong pregnane X receptor (PXR) agonist did not 

affect the area under plasma concentration-time curve (AUC) of rosuvastatin in humans (Zhang 

et al., 2008) (Crestor label: 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/021366s037lbl.pdf). In contrast, 

dose-dependent decreases in rosuvastatin and pravastatin AUC following multiple RIF doses (2 

to 600 mg) lead to decreases of 2.7- and 2.4-fold, respectively (Lutz et al., 2018).  RIF at 600 mg 

also reduced the exposures of midazolam and dabigatran, probe drugs of cytochrome P450 

(CYP)3A and P-gp, by 11.6- and 3.0-fold, respectively, in the same subjects (Lutz et al., 2018). 

In addition, OATP1B mRNA expression in liver biopsy specimens was not changed by multiple 

administration of 600 mg RIF in ten healthy subjects (Marschall et al., 2005), whereas the 

moderate PXR inducer, carbamazepine, increased OATP1B1 and OATP1B3 mRNA expression 

approximately 2-fold in the liver biopsy specimens of two epileptic subjects (Oscarson et al., 

2006). Notably, there are major challenges in clinical OATP1B induction investigation. 

OATP1B drug probes such as statins are not specific to OATP1B and they also present as 

substrates of induced CYP, P-gp and MRP2. In addition, despite the most direct way to assess 
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induction by profiling transporter expression, most investigators avoid developing study 

protocols necessitating biopsy procedure due to inconvenience. At the same time, most 

researchers are forced to conduct in vitro OATP induction studies with human primary 

hepatocytes and hepatic cell lines. Hence, an understanding of the in vivo function and 

expression of OATP1B following administration of inducers for greater than 7 days is of 

substantial interest. 

For a long time, RIF, has been considered a model drug of choice for measuring 

inductive properties of key enzymes and transporters, such as CYP3A, CYP2B6, UGT1A1, and 

P-gp because of its strong potential to activate PXR (Strolin Benedetti and Dostert, 1994, Finch 

et al., 2002, Niemi et al., 2003, Sinz, 2013, Elmeliegy et al., 2020). The Food and Drug 

Administration recommends using the decrease in AUC of new molecular entity (NME) in 

healthy volunteers before and after administration of multiple RIF doses to determine the worst-

possible risk scenario when the in vitro data indicate that the NME is a substrate of CYP2B6, 

CYP2C, and CYP3A (https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-

and-drug-interactions-table-substrates-inhibitors-and-inducers#table2-3). RIF is also a well-

known inhibitor of OATP1B and is associated with many DDIs. The pharmaceutical industry is 

working toward the use of putative endogenous biomarkers, such as 4βHC in place of probe 

drugs for CYP3A induction investigation to avoid unnecessary administration of drugs to 

subjects (Diczfalusy et al., 2011, Kasichayanula et al., 2014, Li et al., 2014, Mao et al., 2017, 

Tahara et al., 2019). The in vivo induction potential of a NME could be investigated in 

preclinical animal toxicity and early clinical pharmacokinetic studies with repeated dosing using 

endogenous biomarkers. Recently, plasma concentrations of coproporphyrin (CP)I and CPIII, 

substrates for monkey and human OATP1B have been proposed as endogenous probes for 
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OATP1B activity in drug discovery and development. Evaluation of plasma CP level could 

assess the role of OATP1B in complex DDIs involving multiple elimination pathways (Lai et al., 

2016, Shen et al., 2016, Jones et al., 2020, Mori et al., 2020).    

The present study was designed to measure temporal variations of CP and gene 

expression of OATP1B, as well as examine the inductive effects of RIF on OATP1B1 and 

OATP1B3 in cynomolgus monkeys. Data reported in this study provide useful information 

regarding cynomolgus monkey OATP1B induction capability by a potent PXR agonist. 
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MATERIALS AND METHODS 

Chemicals and Reagents. CPI and CPIII were purchased as dihydrochloride salts from 

Frontier Scientific (Logan, UT).  Rifampin, 4βHC, cholesterol, and high-performance liquid 

chromatography (HPLC) grade methanol, acetonitrile and water were purchased from Sigma 

Aldrich (St. Louis, MO). 
15

N4-CPI (20 nM) and d3-RIF were purchased from Toronto Research 

Chemicals (North York, ON, Canada) and used as the internal standard (IS) for CPI bioanalysis. 

d8-CPIII was synthesized at Bristol Myers Squibb Company (Princeton, NJ). The cynomolgus 

monkey plasma stripped four times with charcoal was purchased from Bioreclamation IVT 

(Westbury, NY). All other reagents and chemicals used were of the highest grade commercially 

available. 

Animals. Male and female cynomolgus (Macaca fascicularis) monkeys (approximately 

4-8 years of age; 3.1-7.1 kg) were used for these studies, and all animal experiments were 

performed at the Bristol Myers Squibb animal facility (Princeton, NJ). Monkeys were housed in 

a temperature-controlled environment at 64 to 84 °F, 45 to 70% humidity, and a 12-hour (h) 

light/dark cycle. Monkeys were provided a normal food schedule before study (meals at 8:00 

AM and 11:00 AM) and were allowed free access to water. On the day of study, animals were 

fed at approximately 4 h postdose and allowed water ad libitum. The experimental protocol was 

approved by the Institutional Animal Care and Use Committee of Bristol Myers Squibb. Animals 

were treated in accordance with the Guide for the Care and Use of Laboratory Animals (Institute 

of Laboratory Animal Resources, Commission on Life Sciences, National Research Council, 

Washington, DC, 1996).  

Study Design.  
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Experiment 1 (Endogenous Biomarker): The endogenous biomarker experiment was 

carried out in the same three male cynomolgus monkeys as a crossover study over three periods 

(Figure 1A).  

Part 1: During a baseline period (Day 1 through Day 7), blood samples were collected at 

8:00 AM on Day 1, Day 2, Day 3 and Day 5 to determine baseline plasma levels 4βHC, CPI and 

CPIII. On Day 4, each monkey received 2 mg/kg midazolam hydrochloride syrup by oral gavage 

followed by a sterile water rinse, and blood samples were collected at 0.17, 0.33, 0.5, 1, 2, 3, 4, 

6, 8, and 24 h postdose in K2-EDTA-containing tubes. Blood samples were stored on wet ice 

before being centrifuged to obtain plasma (500g, 10 min at 4 °C). The resultant plasma was 

stored at -70 °C until analysis.  

Part 2: From Day 8 to Day 19 (RIF treatment period), each monkey received an oral dose 

of 15 mg/kg RIF (as a solution in 0.01N hydrochloric acid (HCL) daily. The dose of 15 mg/kg is 

selected because we previously reported that the systemic exposure after a single and multiple 

doses of 15 mg/kg RIF in cynomolgus monkeys was comparable to that in humans (Kim et al., 

2010, Shen et al., 2013). On Day 15 the three animals were coadministered 2 mg/kg midazolam 

orally with RIF. A single blood sample was collected at 8:00 AM prior to each RIF dose during 

this period except for Days 8 and 15. On Day 8 and Day 15, blood samples were withdrawn from 

the animals at 0 (predose), 0.17, 0.33, 0.5, 1, 2, 3, 4, 6, 8, and 24 h following each RIF 

administration.  

Part 3: During the wash-out period (Day 20 through Day 26), no RIF was administered 

to the animals. On Day 25 the monkeys received an oral dose of 2 mg/kg midazolam. 

Consequently, blood samples were collected from the animals at 0 (predose), 0.17, 0.33, 0.5, 1, 

2, 3, 4, 6, 8, and 24 h following midazolam administration. In addition, blood collections were 
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conducted at 8:00 AM on Day 20 through Day 26 to measure plasma 4βHC, CPI and CPIII 

concentrations. 

Experiment 2 (Gene Expression): In a separate experiment, transporter and enzyme gene 

expressions were determined in target tissues (liver, small intestine, and kidney), Table 1. 0.01N 

HCL (vehicle control) or RIF (15 mg/kg) were administered once daily for 7 days (Day 8 

through Day 14; Treatment period) to three female cynomolgus monkeys via oral gavage (n = 3 

per group) (Figure 1B). Animals were randomly assigned to control or treatment groups. 

Animals were not fasted for blood sample collections.  A single blood sample was collected at 

8:00 AM on Days 1, 7, 9, 10, 11, 12, 13, and 15 for CPI and CPIII measurement. Blood samples 

were also collected after the first (Day 8) and seventh RIF dose (Day 14) of the dosing phase at 

0.5, 2, 4, and 6 h postdose for biomarker and drug pharmacokinetic evaluation. Blood collection, 

processing, and storage were performed as described above. On Day 15, at approximately 24 h 

after the last treatment dose, animals were sacrificed according to schedule of the Animals 

(Scientific Procedures) Act 1986. The liver, small intestine, and kidney cortex were harvested to 

allow determination of the effects of RIF on transporter and enzyme expression after multiple 

RIF doses. For small intestine, approximately the first 4 inches of jejunum (proximal section of 

jejunum) were excised and perfused with 25 mL of ice-cold saline to remove food contents. The 

segment was cut lengthwise (4 °C), and the intestinal lining was removed by scraping. Tissues 

were placed immediately in cryotubes and stored at -70 °C until analysis. 

Quantification of RIF, CPI and CPIII in Plasma by Liquid Chromatography–

Tandem Mass Spectrometry.  The plasma concentrations of RIF, CPI, and CPIII were 

measured in plasma samples using liquid chromatography–tandem mass spectrometry (LC-

MS/MS) assays described previously with slight modifications (Kandoussi et al., 2018, Zhang et 
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al., 2019). A lower limit of quantification (LLOQ) of 0.078 nM was achieved for both CPI and 

CPIII using optimized sample extraction and LC-MS/MS conditions. The assay demonstrated 

excellent accuracy and precision. The correlation coefficient from four standard curves was 

greater than 0.990, and accuracy and precision were confirmed within 15.0% of quality controls 

at low, middle and high concentrations. There was no indication of matrix instability for 98 days 

in surrogate matrix and 400 days in plasma samples protected from light during storage, 

suggesting no apparent stability issues (Kandoussi et al., 2018). 

Throughout the entire sample extraction, appropriate protection was taken to minimize 

sample exposure to ambient light. All standards and quality controls (QCs) were made in 

charcoal stripped monkey plasma. Standard and QC mixtures of the analytes were made to 

encompass a range of concentrations (1.5–10,000 nM, RIF; 0.156–40 nM, CPI; 0.156–40 nM, 

CPIII). Aliquots of 50 µL of plasma samples, standards, and QCs were mixed with 50 µL 1M 

formic acid. Then the mixture samples were subject to protein precipitation using 100 µL of 6M 

formic acid containing the IS mixture of 
15

N4-CPI (20 nM), d8-CPIII (50 nM) and d3-RIF (200 

nM). After the plates were vortexed for 5 min, the total sample was transferred into a Biotage 

Isolute SLE+ 96-well plate. Three 500-µL ethyl acetate (total 1.5 mL) aliquots were added to 

each well and allowed to elute under gravity. After samples were evaporated to dryness under a 

nitrogen stream, they were reconstituted with 60 µL of acetonitrile/1M formic acid (20:80, 

volume/volume). A 20-µL aliquot was injected for analysis by LC-MS/MS. 

The bioanalysis was performed using a Triple Quad™ 6500 mass spectrometer (SCIEX, 

Foster City, CA, CA) coupled to a Ultra High Performance Liquid Chromatography (UHPLC) 

LC-30AD pump and a SIL-30ACMP autosampler (Shimadzu, Kyoto, Japan). Chromatographic 
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separation was accomplished using an Acquity™ UPLC BEH C18 column (2.1 x 150 mm, 1.8 

µm) with a VanGuard BEH C18 column (2.1 x 10 mm, 1.7 µm) (Waters, Milford, MA). The 

system was maintained at 60 °C. The mobile phase consisted of two solvents, solvent A (0.1% 

formic acid) and solvent B (0.1% formic acid in acetonitrile). The total run time was 7.5 min 

with total flow rate of 0.5 mL/min. The gradient was started at 35% B, followed by a linear 

increase to 40% B in 3.6 min, and ramp to 95% B in 0.15 min and maintaining 95% B for 1.35 

min, and then a linear decrease to 35% in 0.2 min. The column was equilibrated at 35% B for 2.2 

min before the next injection. The electrospray ionization source was used in the positive ion 

mode. The LC-MS/MS detector was operated at unit resolution in the multiple reaction 

monitoring mode using the transitions of the protonated forms of CPI, CPIII, and RIF at m/z 

655.4>596.3, 
15

N4-CPI at m/z 659.3>600.3, d8-CPIII at m/z 663.3>602.3, RIF at m/z 

823.1>791.2, and d3-RIF at m/z 826.1>794.2. Optimized parameters were as follows: curtain 

gas, gas 1, and gas 2 (nitrogen) 30, 75, and 60 units, respectively; source temperature 450ºC; and 

Ion Spray voltage 4,000 V. The system control and data processing were performed on the 

Analyst v1.6.2 software.  

Quantification of 4βHC and Cholesterol in Plasma by LC-MS/MS. The bioanalytical 

analyses of 4βHC and cholesterol were performed as described in detail by Goodenough et al 

(Goodenough et al., 2011). This assay provided the measurement of 4βHC in plasma with a 

lower limit of quantification established at 5.0 nM. The intra- and inter-day accuracy for the 

measurements was within 6% of nominal concentrations, and the precision for the assay was less 

than 5% relative standard deviation. The changes of the measured concentrations at both the 1- 

and 4-month time points were within 15% of that at time 0 (Goodenough et al., 2011). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 27, 2020 as DOI: 10.1124/jpet.120.000139

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET-AR-2020-000139 

 

 15 

The LC-MS/MS analysis was conducted on a Triple Quad 4000 (Foster City, CA) (AB 

Sciex, Foster City, CA) coupled with a Waters Acquity UHPLC system (Milford, MA). The 

chromatographic separation was performed on an Acquity UPLC HSS T3 column (2.1 x 100 

mm, 1.8 µm) from Waters (Milford, MA) using mobile phases of 0.1% formic acid in water and 

methanol. The flow rate was 0.5 mL/min and total run time was 15 min. The LC column was 

maintained at 30 °C. The analyte was monitored using SRM in positive ion electrospray mode 

with the optimized collision gas, curtain gas, ion source gas 1and gas 2 set at 5, 30, 25 and 40. 

The ion spray voltage was set at 5500 V and source temperature was set at 450 °C; and 

declustering potential and collision energy were optimized to be 20 V and 20 eV. Quantitation 

was performed using the transitions of m/z 613.5> 490.5 (4βHC), m/z 620.5>497.5 (d7-4βHC), 

m/z 492.5>369.5 (cholesterol) and m/z 499.5>376.5 (d7-cholesterol). The system control and data 

processing were performed on the Analyst v1.5.1 software.  

Quantification of Transporter and Enzyme Gene Expression by Quantitative 

Reverse Transcription Polymerase Chain Reaction (RT-PCR). Total RNA was extracted 

from monkey liver, proximal jejunum, and kidney samples using the RNeasy Mini kit according 

to the manufacturer’s instructions (Qiagen, Valencia, CA). Genomic DNA was digested by on-

column DNase treatment (Qiagen). The concentrations and purity of RNA samples were 

assessed spectrophotometrically at 260 nm using the Nanodrop® 8000 instrument (NanoDrop 

Technologies, Wilmington, DE). cDNA was synthesized using SuperScript IV Reverse 

Transcriptase (Thermo Fisher Scientific, Belmont, CA).   

The expression of transporter and enzyme genes and that of the housekeeping gene 

encoding peptidylprolyl isomerase A (PPIA) were analyzed by quantitative PCR with a ViiA 7 

Real-Time PCR System (Life Technologies, Grand Island, NY) using SYBR Green fluorescence 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 27, 2020 as DOI: 10.1124/jpet.120.000139

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET-AR-2020-000139 

 

 16 

detection. The PCR reactions were started at 95 °C for 10 min followed by 40 amplification 

cycles of 15 second at 95 °C and 1 min at 60 °C. Primer sequences are shown in Table 1. 

Gene expression was evaluated using the cycling threshold value (Ct) for each sample. 

Expression of the target genes was normalized to that of PPIA gene since the expression of the 

latter gene was not influenced by RIF. The variable ∆Ct was calculated by subtracting a Ct value 

of target transcript from that of PPIA, and the comparative variable ∆∆Ct is the difference of ∆Ct 

between the RIF and vehicle control groups. Gene expression is expressed as a fold change of 

mRNA amount in sample relative the vehicle control calculated using the 2
-∆∆Ct

 method.  

Pharmacokinetic Analyses. The maximum plasma concentration (Cmax) and area under 

the concentration-time curve from time zero to 24 h (AUC(0-24h)) of RIF, CPI and CPIII were 

obtained from plasma concentrations versus time data by performing a noncompartmental 

analysis with mixed log-linear trapezoidal method. The terminal elimination rate constant of RIF 

was determined by nonlinear regression analysis of the terminal segment of the plasma 

concentration-time curve. These pharmacokinetic parameters were derived using validated 

software Phoenix WinNonlin, version 8.1 (Certara, Princeton, NJ).  

Statistical Analyses. The results are expressed as mean ± standard deviation (SD) in the 

text and tables. Statistical comparison of the AUC(0-24h) , Cmax, and T1/2 among different days 

(Day 4, Day 8, Day 15, and Day 25) or treatments (Vehicle and RIF groups) in the monkey 

experiments was done by one-way analysis of variance (ANOVA). When the F value showed 

that there were significant differences among days and treatments, the Dunnett's multiple 

comparisons test was used to determine which day and treatment differ. The statistical analysis 

of tissue gene expression was performed using paired t test. All data were analyzed with the 
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GraphPad Prism Statistical Package (GraphPad Software, San Diego, CA). Differences were 

considered significant for p-value < 0.05. 
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RESULTS 

Effects of Administration of RIF on Plasma Levels of 4βHC, CPI and CPIII. The 

plasma concentrations of 4βHC, CPI, and CPIII for the cynomolgus monkeys treated with 15 

mg/kg/day of RIF are shown in Figures 2 and 3. The RIF treatment was started on Day 8 and 

terminated on Day 19 and Day 14 in Experiments 1 and 2, respectively (Figure 1). The plasma 

concentrations of 4βHC, CPI and CPIII were determined 1 week before, during the RIF 

treatment, and 1 week thereafter (Experiment 1 only) for all monkeys. The average plasma 

concentration of 4βHC in the baseline period of Experiment 1 was 108 ± 24 ng/mL on Day 1, 

109 ± 52 ng/mL on Day 2, and 123 ± 62 ng/mL on Day 3 (Figure 1A). The plasma 4βHC to 

cholesterol concentration ratio in the study remained unchanged during the first 7-day period. 

However, there was a steady rise in the predose  4βHC plasma levels during the RIF treatment 

period from 114 ± 47 ng/mL on Day 9 to 357 ± 160 ng/mL on Day 20 (Figure 1A). The 

concentration continued to increase for 2 days after RIF cessation, reaching a maximum 

concentration of 445 ± 194 ng/mL on Day 22 (3.9-fold increase). RIF produced a similar 

increase in the ratio of 4βHC to cholesterol in monkeys. The concentration and ratio declined 

slowly after Day 22 to approximately 20% to 30% within 3 days (Figure 1A), a finding 

consistent with the literature (Kasichayanula et al., 2014, Li et al., 2014).  

Temporal variations of CP (trend analysis) were also assessed using data generated from 

the same daily samples in Experiment 1. Although CP varied, irrespective of RIF dosing, there 

was no clear trend of plasma CPI and CPIII levels over the 26 days, indicating no major effect of 

RIF on CPI and CPIII (Figures 2B and 2C). Similarly, in a separate experiment (Experiment 2),  

plasma CPI and CPIII concentrations remained unchanged after 7 days of RIF administration 

compared with the baseline and vehicle controls (Figures 3A and 3B).  
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There was a dramatic change in RIF trough concentration after administration of RIF 

itself, with  47- and 22-fold decreases when repeatedly administered once a day for 12 and 7 

days in Experiments 1 and 2, respectively, as compared with the first dose (Figures 2D and 3C), 

indicating that RIF induced its own metabolism. The RIF AUC0-24h, Cmax and T1/2 after single and 

multiple RIF administration in Experiment 1 are shown in Table 2 and Figure 1E. Taking 

multiple doses of 15 mg/kg RIF decreased the mean AUC0-24h and Cmax of RIF by 94% and 86%, 

respectively, compared to a single dose of 15 mg/kg RIF (Day 15 vs. Day 8: 5.2 ± 3.8 vs. 84.2 ± 

46.9 µM•h and 1213 ± 630 vs. 8573 ± 4720 nM, respectively). In addition, the multiple RIF 

doses reduced the mean T1/2 by 57% as compared with the single RIF dose (2.1 ± 0.49 vs. 4.9 ± 

0.59 h) (Table 2), confirming enhanced clearance of RIF after repeated dosing. In agreement, in 

Experiment 2, the decrease was 48% for RIF AUC0-6h and 51% for RIF Cmax (Table 3 and Figure 

3D) (Day 14 vs. Day 8: 36.8 ± 30.1 vs. 71.4 ± 6.2 µM•h and 8.2 ± 6.0 vs. 16.9 ± 0.8 µM, 

respectively). 

The effect of single versus multiple doses of oral RIF on plasma CPI and CPIII 

concentrations in a single day is further illustrated in Figures 2F, 2G, 3E and 3F. As shown, both 

single- and multiple-dose RIF administration increased the plasma CP levels compared to the 

baseline or vehicle control, suggesting OATP1B inhibition. However, CPI and CPIII plasma 

levels increased to different extents as the magnitude of the CPI or CPIII plasma increase was 

higher following a single compared to multiple RIF administration (Tables 2 and 3). One 

exception is the plasma CPIII levels in Experiment 2. The comparison is difficult in Experiment 

2 due to the incomplete examination of CP systemic exposure (1, 2, 4, and 6 h samples per 

collecting period per monkey). As summarized in Table 2, a single dose of RIF on Day 8 in 

Experiment 1 significantly increased the AUC0-24h of CPI and CPIII by 4.4- and 5-1-fold, 
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respectively, compared to the baseline control on Day 4 (182.5 ± 35.1 vs. 41.9 ± 7.6 nM•h and 

100.7 ± 44.5 vs. 19.6 ± 9.7 nM•h, respectively) (p < 0.05), while multiple RIF dosing resulted in 

only 1.6- and 2.1-fold increases of CPI and CPIII AUC0-24h, respectively (65.6 ± 13.8 vs. 41.9 ± 

7.6 nM•h and 41.9 ± 17.3 vs. 19.6 ± 9.7 nM•h, respectively). Termination of RIF treatment 

resulted in a significant decrease in CP AUC0-24h. Six days after termination (Day 25), the 

average AUC0-24h of CPI and CPIII had returned to the pretreatment values (46.1 ± 10.4 vs. 41.9 

± 7.6 nM•h and 22.5 ± 10.6 vs. 19.6 ± 9.7 nM•h, respectively). We have recently reported that 

there were 2.6- and 3.6-fold increases of CPI and CPIII AUC0-24h, respectively, after a single 

dose of 15 mg/kg RIF (Shen et al., 2016). In Experiment 2, multiple RIF doses resulted in a 

decrease in the mean CPI AUC0-6h compared to the administration of a single RIF dose whereas 

there was no impact of single versus multiple RIF doses on CPIII AUC0-6h (27.7 ± 21.5 vs. 41.5 ± 

8.6 nM•h and 19.9 ± 17.3 vs. 18.7 ± 2.5 nM•h, respectively) (Table 3). However, in Experiment 

2, sparse plasma samples were collected at Days 1, 8 and 14 (1, 2, 4, and 6 h samples per 

collecting period per monkey) for measurement. Both single and multiple RIF doses increased 

the CPI and CPIII AUC0-6h compared with vehicle controls in Experiment 2, which were 13.2 to 

16.0 nM•h and 2.2 to 2.5 nM•h for CPI and CPIII AUC0-6h , respectively.  

Effects of RIF on OATP1B1 Gene Expression in the Liver, Small Intestine, and 

Kidney. In the liver, the gene expression of OATP1B1/1B3, OATP1B1, and OATP1B3 with and 

without RIF were very similar and close to one after 7-days of RIF treatment in three female 

cynomolgus monkeys (1.1 ± 0.25, 0.85 ± 0.16, and 1.3 ± 0.29, respectively) (p > 0.05), 

suggesting that RIF had no or minimal effect on the transcripts of OATP1B in the liver (Figure 

4A and Table 4). Similarly, no induction of OATP1B expression was observed in the proximal 

jejunum after administration of 15 mg/kg orally for 7 days (Figure 4B). Despite negligible 
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OATP2B1 mRNA expression in the liver and kidney tissues, the expression of OATP2B1 was 

observed in the small intestine and its expression was increased 3.1 ± 1.9-fold by RIF. However, 

this difference was not statistically significant due to large inter-individual variability (p = 0.131) 

(Table 4). In contrast, a significant increase of CYP3A8 expression by 5.0 ± 1.1- and 3.7 ± 1.2-

fold was observed in the liver and small intestine, respectively, after multiple dose RIF 

administration (p < 0.05) (Figures 4A and 4B). Similar increases of CYP2B6, UGT1A1 and 

UGT2B20 were observed in the liver and small intestine (2.1- to 4.8-fold), but not all differences 

have been found to be significant at p < 0.05. 

Minimal or no MRP4 mRNA expression was detected in control liver tissue. The 

expressions of MRP3 and breast cancer resistance protein (BCRP) in the liver were not 

modulated by RIF (Figure 4A). RT-PCR showed approximately 2-fold induction of the 

expressions of MDR1 (P-gp) and MRP2 in the liver by RIF. Conversely, MDR1, MRP2, MRP3, 

MRP4 and BCRP mRNA expressions were induced in the small intestine (proximal jejunum) by 

RIF (1.8- to 3.3-fold) (Figure 4C and Table 4). 

A significant but slight increase of UGT2B20 mRNA expression by 1.6 ± 0.30 was 

observed in the kidney after multiple RIF doses (p < 0.05) (Figure 4B). The other significantly 

increased gene expression in the kidney tissue was the transporter OAT2 (4.4 ± 1.5; p = 0.026). 
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DISCUSSION 

The present study describes absence of OATP1B1 and OATP1B3 induction mediated by 

RIF. Multiple administration of the PXR activator has a substantial effect on the activity and 

expression of monkey CYP3A in vivo, whereas the effects on monkey OATP1B activity and 

gene expression are less pronounced after multiple administration. 

4βHC and CP are among the most well established endogenous biomarkers of CYP3A 

and OATP1B, respectively (Diczfalusy et al., 2011, Kasichayanula et al., 2014, Li et al., 2014, 

Shen et al., 2016, Tahara et al., 2019, Takehara et al., 2019, Gu et al., 2020). Therefore, 4βHC, 

CPI, and CPIII were selected as in vivo probes of CYP3A and OATP1B activities, and we 

studied the day-to-day change from predose plasma levels and throughout the entire study with 

the strong PXR activator RIF. The evaluation of endogenous biomarker involves a unique three-

phase cross-over design (Figure 1A). The three periods are (1) baseline, (2) RIF treatment, and 

(3) wash-out periods. The first period is necessary to characterize any acute and chronic effects 

of RIF on circulating 4βHC, CPI, and CPIII levels. RIF administration resulted in a rapid 

increase in the predose plasma 4βHC concentration and 4βHC to cholesterol ratio during the RIF 

treatment period compared with the baseline control (Figure 2A), analogous to what has been 

observed previously in monkeys and humans (Diczfalusy et al., 2011, Kasichayanula et al., 2014, 

Li et al., 2014). In contrast, the predose CPI and CPIII concentrations during the RIF treatment 

period were not influenced, as illustrated in two separate experiments in Figures 2B, 2C, 3A and 

3B. Hence, it is unlikely that OATP1B1 and OATP1B3 are induced by RIF. To our knowledge, 

this is the first report of the trend analysis of plasma CPI and CPIII concentrations from daily 

samples that are collected prior to, during, and after RIF administration although CP has been 
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suggested as a putative endogenous marker of OATP1B activity. Kunze et al. (2018) investigated 

the effect of 600 mg single or multiple RIF dose on the plasma concentrations of CP in 12 

healthy volunteers (Kunze et al., 2018). The authors reported that the CPI and CPIII 

concentrations in the plasma samples collected prior to the first RIF administration (i.e., at 0 h) 

were similar to those from the plasma samples that were taken immediately before 

administration of the sixth RIF dose and 20 to 24 h after administration of the fifth RIF dose. 

Therefore, the predose plasma CP profile in this study is consistent with that in humans. 

To further verify whether and to what extent RIF inducer has an effect on the expression 

of OATP1B1 and OATP1B3, we subsequently carried out a gene transcription profiling analysis 

in the liver, small intestine, and kidney from monkeys after 7 days of oral administration of 

vehicle or 15 mg/kg RIF (Figure 1B). Our data revealed increased mRNA expression of 

CYP3A8 (5.0- and 3.7-fold), CYP2B6 (4.7- and 4.8-fold), and UGT1A1 (4.1- and 2.8-fold) in 

the liver and small intestine (Figures 4A and 4B; Table 4). This is consistent with the previous 

observations in monkeys and humans, in which CYP3A (Backman et al., 1996, Kim et al., 2010), 

CYP2B6 (Goodwin et al., 2001, Loboz et al., 2006), and UGT1A1 (Chattopadhyay et al., 2018) 

were inducible by RIF through a PXR dependent mechanism (Niemi et al., 2003, Sinz et al., 

2008, Chu et al., 2009). Similarly, it has been reported that repeated RIF dosing increased human 

CYP3A protein levels in the liver and gut by 2.2- to 4.7 fold (Combalbert et al., 1989, Greiner et 

al., 1999, Glaeser et al., 2005). In contrast, the induction of OATP1B1 and OATP1B3 mRNA 

expression in the liver was absent with 1.1 ± 0.25-, 0.85 ± 0.16- and 1.3 ± 0.29-fold changes for 

the transcripts of OATP1B1/1B3, OATP1B1 and OATP1B3, respectively (p > 0.05) (Figure 4A; 

Table 4). We detected very low or negligible OATP2B1 expression in monkey livers and 

kidneys. However, it was expressed in the small intestine and was inducible by RIF although the 
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increase was not statistically significant (3.1 ± 1.9-fold) (p > 0.05), suggesting that PXR may be 

involved in the regulation of intestinal OATP expression (Figure 4B; Table 4). Differential 

induction of intestinal and hepatic CYP enzymes by RIF have been observed previously (Fromm 

et al., 1996). Although it might be appropriate to note that addition of transporter protein 

expression data could further validate the observation, the methodologies used in this study are 

sufficient to support the conclusions. First, mRNA expression analysis is considered the gold 

standard for drug-metabolizing enzyme and transporter induction studies. Generally, mRNA 

expression data are correlated well with protein expression data. Second, the activities of CYP3A 

and OATP1B monitored by plasma endogenous biomarker levels are in agreement with the 

mRNA expressions in cynomolgus monkeys. While the predose plasma 4βHC concentrations 

and CYP3A8 gene expressions are significantly increased by multiple doses of RIF in monkeys, 

the baseline CP levels and OATP1B gene expressions are not affected by the treatment. 

Remarkably, despite the contradictory reports on OATP1B induction by PXR activators in 

human hepatocytes and liver biopsies, there is no data that exists regarding the PXR binding 

motifs in the promoter regions of OATP1B1 and OATP1B3. Rat hepatic transporter Oatp1a4 

expression was induced by pregnenolone-16α-carbonitrile through four PXR response elements 

located in the rat Oatp1a4 promoter (Guo et al., 2002). A PXR response element was identified 

in the promoter of the human OATP1A2 gene and its direct interaction with PXR was 

demonstrated using chromatin immunoprecipitation and PXR antagonist A-792611 (Meyer zu 

Schwabedissen et al., 2008). Interestingly, Meyer zu Schwabedissen et al. also identified two 

functional farnesoid X receptor (FXR) response elements and one liver X receptor (LXR) 

response element in human OATP1B1 promoter region using detailed promoter analysis (Meyer 

Zu Schwabedissen et al., 2010). In addition, the direct interaction between the identified 
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response elements with FXR and LXR was confirmed using chromatin immunoprecipitation 

method. Moreover, LXR or FXR agonists, but not PXR or constitutive androstane receptor 

agonists, displayed OATP1B1 induction potential using isolated primary human hepatocytes 

(Meyer Zu Schwabedissen et al., 2010). Taken together, these data clearly indicate that the 

activities and expressions of hepatic OATP1B1 and OATP1B3 transporter are not induced by 

multiple RIF doses in monkeys. 

The lack of inducing effect of RIF on OATP1B1 and OATP1B3 gene expression has, to 

our knowledge, not been previously reported. If this inductive effect of RIF is also absent in 

humans, it would help us gain mechanistic insight for complex DDIs involving OATP1B and 

enzyme. In previous reports no clear cut induction of OATP1B with respect to activity, mRNA 

or protein but an increase in OATP1B activity was assumed in the RIF-treated subjects (Lutz et 

al., 2018, Turk et al., 2019), raising the question of linkages between CYP3A, OATP1B, P-gp, 

BCRP, and MRP2 expression in humans and nonhuman primate species. By measuring the 

plasma RIF concentration, we have clearly shown that RIF stimulates its own clearance via 

induction of the metabolic enzyme (and transporter). Several lines of evidence demonstrate that 

RIF induces its own metabolism in monkeys. First, we showed that the RIF trough 

concentrations decreased steadily during the treatment, by a factor of 47- and 22-fold in 

Experiments 1 and 2, respectively (Figures 2D and 3C). In addition, we demonstrated that the 

RIF AUC0-24h (as a measure of apparent systemic clearance) and Cmax were substantially affected 

by multiple RIF administration in Experiment 1 (decreased by 94% and 86%, respectively; 

Figure 2E; Table 2), as compared with the first RIF administration. Last, multiple RIF 

administration reduced the T1/2 of RIF by 57% as compared with the single dose RIF 

administration. It has been reported that RIF induced its own metabolism in humans, and the 
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systemic clearance of RIF increases by approximately 2-fold after 3 weeks of multiple RIF doses 

(Loos et al., 1985). Consequently, RIF administration increased CPI and CPIII plasma 

concentrations markedly after a single administration and, to a lesser extent, after multiple 

administration (Figures 2F, 2G and 3E). This decrease is likely due to the reduced portal vein 

concentrations of RIF, an OATP1B inhibitor, after multiple administration. Metabolism of CPI 

and CPIII is reported to be minor, and biliary and renal excretion are major elimination pathways 

of CP (Shen et al., 2016). However, caution must be taken in exclusively relating this interaction 

to OATP1B inhibition by RIF. In vitro studies showed that CPI and CPIII are also substrates of 

MRP2 (Gilibili et al., 2017, Kunze et al., 2018). The increased MRP2 expression in the liver 

after repeated RIF dosing (Figure 4A) may contribute to enhanced CP clearance from the blood. 

Our recent study indicated that CPI was subjected to limited oral absorption with bioavailability 

of less than 5% in monkeys and cyclosporin A did not significantly affect the CPI bioavailability 

(Gu et al., 2020), suggesting that the altered intestinal MRP2 is unlikely to affect the plasma 

concentration of endogenous CPI. The increased MRP2 expression in the liver after repeated RIF 

dosing (Figure 4A) may contribute to enhanced CP clearance from the blood. Furthermore, the 

modulation of CP synthesis by RIF cannot completely be excluded in this study. A recent study 

has also shown that the magnitude of OATP1B inhibitory effect defined as AUC0-24h and Cmax of 

CPI and CPIII was significantly higher following single RIF dose compared with multiple doses 

in healthy subjects (Kunze et al., 2018).  

Similar findings were observed with clinical DDI studies between RIF and statins 

(OATP1B drug substrates) in humans. Multiple RIF doses resulted in smaller AUC and Cmax of 

pitavastatin, pravastatin, and rosuvastatin compared with the single RIF dose (Kyrklund et al., 

2004, Zhang et al., 2008, Lutz et al., 2018) (Livalo label: 
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https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/022363s000lbl.pdf) (Crestor label: 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/021366s037lbl.pdf). Because 

pitavastatin, pravastatin and rosuvastatin undergo little metabolism and are substrates for P-gp, 

BCRP or MRP2, the induction of these efflux transporters by RIF could decrease intestinal 

absorption and increase hepatic clearance of the statins, resulting in a reduced systemic exposure. 

Indeed, our data shows that this is the case and the exposure of monkeys to RIF for 7 days 

resulted in increases in P-gp and BCRP (small intestine), and MRP2 expression in the intestine 

and liver (Figures 4A and 4B). Moreover, the induction of its own metabolism by multiple 

administrations of RIF likely leads to decreased inhibition of OATP1B and reduced statin 

exposures as discussed above. 

In summary, for the first time, the investigation of endogenous biomarker and gene 

expression in cynomolgus monkey studies demonstrate that OATP1B1 and OATP1B3 are not 

induced by multiple administration of RIF. Given the potential involvement of FXR and LXR in 

xenobiotic induction of OATP1B (Staudinger et al., 2013, Murray and Zhou, 2017), these results 

will require further evaluation to explore OATP1B induction in humans with RIF and other 

activators of nuclear receptors. Despite this caveat, our results demonstrate that the increased 

intestinal and hepatic efflux transporter expression as well as induced RIF metabolism contribute 

to reduced systemic exposures of CP and statins after multiple administrations of RIF. Our data 

also suggest that circulating CP levels have great potential as a useful tool to gain mechanistic 

insight of DDI involving OATP1B.  
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Footnotes 
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Figure Legends 

Figure 1. Schematic diagram of experimental procedure. A single plasma sample was collected 

for almost every day over an entire study course for endogenous biomarker measurement in both 

experiments [Predose samples were collected before each RIF dose during treatment period (i.e., 

0 h)]. In addition, in the Experiment 1 (endogenous biomarker), sequential plasma samples were 

collected from 0.17 to 24 h on  Day 4 (before the RIF treatment; 15 mg/kg RIF daily dose for 12 

days; blue box), Day 8 (after the first RIF dose; red box), Day 15 (after the eighth RIF dose; red 

box), and Day 25 (6 days after the last RIF dose; green box) for biomarker and RIF 

pharmacokinetics determinations in cynomolgus monkeys (n = 3). In subsequent gene expression 

experiment (Experiment 2), the liver, proximal jejunum and kidney tissue specimens were 

collected for mRNA expression analysis after oral administration of vehicle or RIF (15 

mg/kg/day) for 7 consecutive days in cynomolgus monkeys (n = 3 per group).  

 

Figure 2. Mean plasma concentrations of 4βHC and ratios of 4βHC to cholesterol (A), CPI (B 

and F), CPIII (C and G) and RIF (D and E) before (Day 1 to Day 7), during (Day 8 to Day 19), 

and after (Day 20 to Day 26) administration of RIF (15 mg/kg/day) in three male cynomolgus 

monkeys. To evaluate the effect of RIF doses on plasma concentration of RIF and CP, the 

plasma concentration-time profiles of RIF (E), CPI (F) and CPIII (G) on Day 4 (before dose; 

blue circles), Day 8 and Day 15 (after the first and eighth RIF doses, respectively; red squares), 

and Day 25 (6 days after the last RIF dose; green triangles) are shown as the mean and SD. 

Pharmacokinetics are summarized in Table 2. 
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Figure 3. Mean plasma concentrations of CPI (A and E), CPIII (B and F) and RIF (C and D) 

before (Day 1 to Day 7), during (Day 8 to Day 14), and after (Day 15) administration of vehicle 

or RIF (15 mg/kg/day) in three female cynomolgus monkeys (n = 3 per group). To evaluate the 

effect of RIF doses on plasma concentration of RIF and CP, the plasma concentration-time 

profiles of RIF (D), CPI (E) and CPIII (F) on Day 8 [after the first vehicle (blue squares) or RIF 

dose (red squares)] and Day 14 [after the seventh vehicle (blue diamonds) or RIF dose (red 

diamonds)] are shown as the mean and SD values. Pharmacokinetics are summarized in Table 3. 

 

Figure 4. Relative mRNA expression of transporters, bile acid and bilirubin metabolizing 

enzymes, and nuclear receptors in the liver (A), small intestine (proximal jejunum) (B), and 

kidney (C) of cynomolgus monkeys treated with RIF (15 mg/kg; red bars) once daily for 7 days 

compared with vehicle control (blue bars). Data are expressed as mean fold-change and SD 

values from 3 monkeys. A line indicates a two-fold difference from the vehicle control. Statistics 

was conducted by paired t-test.  *p < 0.05 significantly different compared with controls. 
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Table 1. Primers and probes used for real-time quantitative RT-PCR. 

Name Primer Sequence Accession No. 

Apical sodium-dependent bile acid 
transporter (ASBT) 

CTTGGAATGATGCCGCTGTG 
XM_005586207.2 

AGCAACCAGAGACGTACCTATG 

Bile acid–CoA:amino acid N-
acyltransferase (BAAT) 

AACTATGAAGACCTGCCCGC 
XM_005581173.2 

GGGCCAAAGACCTTCGGATG 

Breast cancer resistance protein 
(BCRP) 

CGGGTCTGTTGGTCAATCTCA 
XM_015450641.1 

GCTGCAAAGCCGTAAATCCA 

Cytochrome P450 1A1 (CYP1A1) 
TCCTTACAGCCACAGCAGC 

XM_005560089.2 
TGAGGCCCTGATTACCCAGA 

Cytochrome P450 2B6 (CYP2B6) 
GCTTCGGCGATTCTCTCTGA 

NM_001287637.1 
ATGGAAGAGGAAGGTGGGGT 

Cytochrome P450 3A8 (CYP3A8) 
CATGATCAAAACAGTGCTAGTGA NM_001284534.1, 

XM_015447118.1 AGCAATGACCGTATTCTCTTCCA 

Cytochrome P450 7A1 (CYP7A1) 
GGAGAAGGCAAACGGGTGAA 

XM_005563370.2 
ATTGGCACCAAATTGCAGCG 

Farnesoid X receptor (FXR) 
GGAATGTTGGCTGAATGCTTGT 

XM_005571991.2 
TTGTCGAGGTCACTTGTCGC 

Multidrug resistance protein 1 
(MDR1) (P-gp) 

AGACATGACGGATACCTTTGC 
NM_001287322.1 

AGGCATACCTGGTCATATCTTCC 

Multidrug resistance-associated 
protein 2 (MRP2) 

GACTGATAAGAGGCCTCCGC 
NM_001287716.1 

GCCCACCACACCAATCTTCT 

Multidrug resistance-associated 
protein 3 (MRP3) 

ACTGTGTGCCCTCATCTTGG 
XM_005583690.2 

GGCCATCTTTGTGAACCACC 

Multidrug resistance-associated 
protein 4 (MRP4) 

GTGGGAGCAGGGAAGTCATC 
XM_005586096.2 

CAGTTCCCGAGAACACCCAG 

Organic anion transporting 
polypeptide 1A2 (OATP1A2) 

TGCACAAGAGTATTTGCTGGC 
XM_015430470.1 

GCCCCTGACTCACCACATTT 

Organic anion transporting 
polypeptide 1B1 and 1B3 
(OATP1B1/1B3) 

AAATTGGAAATTTGCTTGTGATTGT NM_001284540.1, 
NM_001283191.1 GTAATATCCCATGAAGAAATGTGGT 

Organic anion transporting 
polypeptide 1B1 (OATP1B1) 

TGCACTTGGAGGCACCTCAT 
NM_001284540.1 

TGCTCGTATAACCATTGAGTGGA 

Organic anion transporting 
polypeptide 1B3 (OATP1B3) 

TGCTGGGAGTCATAACCATTCC 
NM_001283191.1 

AAATTTGGCAATTCCAACTAAAGAC 

Organic anion transporting 
polypeptide 2B1 (OATP2B1) 

CTCGGGATCCTGTTTGCAGT 
NM_001319595.1 

CAGGCTGATACCACCTTCCG 

Organic Anion Transporter 2 
(OAT2) 

ATGGAGTGTGGCTGTCACTG 
XM_005552916.2 

TGGTTGGGGCACTCTTTCTC 
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Organic cation transporter 1 
(OCT1) 

CCGAGAACCTTGGCAGAAAAG 
XM_005551502.2 

CTCCATGCCTGCAAAGCAAC 

Organic Solute Transporter alpha 
(OSTα) 

CATCGCCTCGTTTTATGCCG 
XM_005545271.2 

CTGTGTGGACCATCATCGGG 

Organic Solute Transporter beta 
(OSTβ) 

CGGCTGTGGTGGTCATGATA 
XM_005559810.2 

GCATCTTTTGTTTTCTGCTTGCC 

Peptidylprolyl isomerase A (PPIA) 
GTCTCCTTCGAGCTGTTTGCA 

XM_005550655 
TTCTGTGAAAGCAGGAACCCTT 

Small heterodimer partner (SHP) 
CTCTTCAACCCTGATGTGCC 

XM_005544304.2 
CAGGGCTCCAGGACTTCACA 

Sodium-taurocholate 
cotransporting polypeptide (NTCP) 

CACGGTTCTCTCTGCCATCA 
NM_001283323.1 

TCGGCACCGTCCATTGAG 

UDP-glucuronosyltransferase 1A1 
(UGT1A1) 

TGGAACCCCACCATCGAATC 
NM_001283438.1 

CGGGTCATTGGGTGACCAAG 

UDP-glucuronosyltransferase 2B20 
(UGT2B20) 

CCCCTGCCTAAGGAAATGGA 
NM_001284949.1 

CGACCCCAGAGAAAACACCA 
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Table 2. Pharmacokinetics of RIF, CPI, and CPIII before, during, and after Multiple Administration of RIF (15 mg/kg) to 

Cynomolgus Monkeys in Experiment 1. 

Analyte Exposure 
Before RIF 
Treatment 

(Day 4) 

During RIF Treatment After RIF Treatment 
(8 Days after the 
Last RIF Dosing) 

(Day 25) 

The First RIF 
Dosing (Day 8) 

The Eighth RIF 
Dosing (Day 15) 

RIF 

AUC0-24h (µM•h) NA 84.2 ± 46.9 5.2 ± 3.8£ 0.013 ± 0.002 

Cmax (nM) NA 8573 ± 4720 1213 ± 630£ 0.81 ± 0.14 

T1/2 (h) NA 4.9 ± 0.59 2.1 ± 0.49£   

CPI 
AUC0-24h (nM•h) 41.9 ± 7.6 182.5 ± 35.1*** 65.6 ± 13.8 46.1 ± 10.4 

Cmax (nM) 2.8 ± 0.7 11.4 ± 2.5*** 5.4 ± 1.1 2.9 ± 1.0 

CPIII 
AUC0-24h (nM•h) 19.6 ± 9.7 100.7 ± 44.5* 41.9 ± 17.3 22.5 ± 10.6 

Cmax (nM) 1.2 ± 0.6 6.4 ± 2.7* 3.8 ± 1.6 1.5 ± 0.8 

 

Data represent the mean and SD from 3 monkeys; AUC(0-24h), area under plasma concentration-time curve from time 0 to 24 h; Cmax, 

maximum plasma concentration; T1/2, terminal half-life.   

Statistics were conducted by paired t test method for RIF pharmacokinetic parameters comparison. 
£
p <0.05 compared with the single 

RIF dose (Day 8).  

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison method for CPI and CPIII 

pharmacokinetic parameter comparison. *p <0.05 and ***p <0.001 compared with the predose control (Day 4).  

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 27, 2020 as DOI: 10.1124/jpet.120.000139

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET-AR-2020-000139 

 

42 

 

Table 3. Systemic Exposures of RIF, CPI, and CPIII during and after Multiple Administration of RIF (15 mg/kg) to 

Cynomolgus Monkeys in Experiment 2. 

Analyte Exposure 

Vehicle Treatment   RIF Treatment 

The First Vehicle 
Dosing (Day 8) 

1 Day after the Last 
Vehicle Dosing (Day 14) 

  The First RIF 
Dosing (Day 8) 

1 Day after the Last 
RIF Dosing (Day 14)   

RIF 
AUC0-6h (µM•h) NA NA   71.4 ± 6.2 36.8 ± 30.1 

Cmax (µM) NA NA   16.9 ± 0.8 8.2 ± 6.0 

CPI 
AUC0-6h (nM•h) 13.2 ± 2.7 16.0 ± 9.8   41.5 ± 8.6 27.7 ± 21.5 

Cmax (nM) 4.3 ± 1.3 8.5 ± 6.7   8.6 ± 1.2 6.1 ± 4.9 

CPIII 
AUC0-6h (nM•h) 2.5 ± 1.3 2.2 ± 2.2   18.7 ± 2.5 19.9 ± 17.3 

Cmax (nM) 0.9 ± 0.6 0.6 ± 0.4   4.3± 0.5 4.2 ± 3.7 

 

Data represent the mean and SD from 3 monkeys; AUC(0-24h), area under plasma concentration-time curve from time 0 to 24 h; Cmax, 

maximum plasma concentration.   

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison method. *p <0.05 compared with the first 

vehicle dose (Day 8).  
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Table 4. Effects of RIF on hepatic, renal, and intestinal gene expression of transporters, bile acid and bilirubin metabolizing 

enzymes, and nuclear receptors in cynomolgus monkeys. 

Name 

Liver   Small Intestine (Proximal Jejunum)   Kidney 

Fold Change 
(Mean ± SD) 

p-Value 
  Fold Change 

(Mean ± SD) 
p-Value 

  Fold Change 
(Mean ± SD) 

p-Value 
    

CYP 1A1 0.32 ± 0.07 0.067   0.57 +0.87 0.667       

CYP2B6 4.7 ± 2.3 0.052   4.8 ± 4.7 0.251       

CYP3A8 5.0 ± 1.1* 0.003   3.7 ± 1.2* 0.022   1.6 ± 1.1 0.457 

OATP 1B1/1B3 1.1 ± 0.25 0.758   1.1 ± 0.32 0.875       

OATP 1B1 0.85 ± 0.16 0.351   0.72 ± 0.47 0.743       

OATP 1B3 1.3 ± 0.29 0.333   1.4 ± 0.44 0.624       

OATP 2B1       3.1 ± 1.9 0.131       

CYP7A1 0.35 ± 0.22* 0.046             

UGT1A1 4.1 ± 0.56* 0.001   2.8 ± 2.0 0.199   1.3 ± 0.23 0.311 

UGT2B20 2.1 ± 0.40* 0.013   0.95 ± 0.67 0.913   1.6 ± 0.30* 0.045 

MRP2 1.8 ± 0.05* 0.005   2.7 ± 2.3 0.281   0.97 ± 0.19 0.887 

MRP3 1.13 ± 0.09 0.580   1.8 ± 1.1 0.295   0.94 ± 0.39 0.894 

MRP4       2.2 ± 0.64* 0.034   0.97 ± 0.17 0.830 

MDR1 2.7 ± 0.66* 0.021   3.3 ± 1.9 0.118   1.2 ± 0.43 0.505 

NTCP 0.88 ± 0.08 0.603             

OATP1A2 0.85 ± 0.04 0.420   0.85 ± 0.68 0.824   1.6 ± 0.59 0.275 

OAT2 0.89 ± 0.26 0.528   0.88 ± 0.55 0.882   4.4 ± 1.5* 0.026 

OCT1 1.4 ± 0.24 0.152   1.5 ± 1.1 0.638       

BCRP 1.6 ± 0.24 0.179   2.0 ± 1.5 0.343   1.3 ± 0.57 0.561 

FXR 0.92 ± 0.16 0.638   2.6 ± 0.78 0.058   0.94 ± 0.31 0.767 

BAAT 1.5 ± 0.17 0.057   1.5 ± 0.43 0.118       

SHP 0.58 ± 0.25 0.414   1.7 ± 0.88 0.240       

OSTa 0.84 ± 0.04 0.569   1.2 ± 0.43 0.610   1.8 ± 0.64 0.097 

OSTb       2.9 ± 2.6 0.277   1.2 ± 0.16 0.325 

ASBT             0.94 ± 0.34 0.836 
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Statistics was conducted by paired t test method. *p <0.05 compared with the vehicle group. 
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